Results

Exogenous PSD-95-GFP Is Correctly Localized in Hippocampal Neurons
To determine mechanisms for postsynaptic clustering of PSD-95, a variety of wild-type and mutant protein constructs of PSD-95 were expressed in cultured hippocampal neurons. Initial experiments were conducted to determine whether exogenously expressed wild-type PSD-95 would be targeted in neurons appropriately. A plasmid encoding PSD-95 as a C-terminal fusion protein with GFP was transfected into hippocampal neurons, and the neurons were allowed to develop in culture for 5-16 days. Exogenously expressed PSD-95-GFP forms clusters in the dendrites of transfected neurons after 5-6 days in culture and remains clustered for as long as expression can be detected, up to 2.5 weeks, similar to endogenous PSD-95 ( Figure 1A ). In contrast, GFP alone is expressed diffusely throughout the neurons (data not shown). After 1 week in culture, clusters of PSD-95-GFP become synaptic and opposed to presynaptic terminals stained for synaptophysin ( Figure 1B 
Palmitoylation Is Necessary for Postsynaptic Localization of PSD-95 N-terminal palmitoylation is important for targeting PSD-
either of the two N-terminal cysteines also block palmi-95 to cell membranes, where PSD-95 clusters and assotoylation of PSD-95 (Topinka and Bredt, 1998), and conciates with interacting transmembrane proteins in heterstructs of PSD-95 with mutations of the third (C3S) or ologous cells (Topinka and Bredt, 1998). To determine the fifth (C5S) cysteine also are expressed diffusely in if palmitoylation is also necessary for the postsynaptic the processes of cultured neurons ( Figure 2A ). targeting of PSD-95, hippocampal neurons were transOne trivial explanation for the differences in targetfected with a PSD-95-GFP protein construct in which ing between wild-type and cysteine mutant constructs the N-terminal palmitoylated cysteines were mutated to could be differences in expression levels. Quantitative serines (C35S), thereby abolishing palmitoylation of the immunofluorescence indicates that exogenous wildprotein (Topinka and Bredt, 1998; Figure 7A ). In contrast type PSD-95 is expressed at levels ‫-5ف‬ to 10-fold higher to wild-type PSD-95, C35S PSD-95 does not form clusthan endogenous PSD-95 protein (see Experimental ters or become synaptic when expressed in hippocamProcedures). If the cysteine mutant constructs express pal neurons. Instead, the protein is expressed diffusely at even higher levels, this could conceivably saturate the throughout the processes at all times in culture (Figure targeting machinery and result in a diffuse distribution. 2A), though the distribution of NMDA receptors and synHowever, we observed a range of expression levels in aptophysin remain unaffected, suggesting that synapses are normal (data not shown). Single mutations of the population of transfected cells for all the PSD-95 differences in expression levels as an explanation for differences in targeting. These data show that the N-terminal cysteines are necessary for the targeting and clustering of PSD-95 at the PSD. However, it remains formally possible that the cysteine residues are critical, not because they are palmitoylated, but rather because of another modification or interaction that requires both cysteines. To assess better the importance of palmitoylation, a single amino acid mutation was identified that disrupts palmitoylation but leaves the cysteine residues intact. This mutation changes the fourth amino acid in PSD-95 from leucine to alanine (L4A) and reduces palmitoylation significantly to Ͻ10% of wild-type levels in heterologous cells ( Figure  7A ). When this construct is transfected into hippocampal neurons, it resembles the palmitoylation-deficient mutants, with the protein diffusely expressed ( Figure  2B ; Table 1 ). Conversely, a construct containing an N-terminal mutation in which the second amino acid of PSD-95, an aspartic acid, was changed to an alanine (D2A) did not disrupt palmitoylation ( Figure 7A ), and this mutant protein is synaptically targeted, like wild-type PSD-95 ( Figure 2B ; Table 1 ). These results are consistent with the idea that palmitoylation rather than other N-terminal interactions is necessary for synaptic clustering of PSD-95.
Palmitoylation of PSD-95 Cannot Be Functionally Replaced with Other Lipid Associations
Because palmitoylation targets PSD-95 to cell membranes, it is possible that disrupting membrane association could account for the loss of postsynaptic clustering. We therefore determined whether restoring membrane association through modifications other than palmitoylation could rescue the targeting of palmitoylation-deficient PSD-95. To determine whether integral membrane association of PSD-95 could functionally in hippocampal neurons ( Figure 3A ). CD8-WT is still see Figure 7A ). D2A-GFP protein in unfixed neurons is clustered in a manner indistinguishable from wild-type PSD-95-GFP (top left; palmitoylated to ‫%05ف‬ of wild-type levels and still yields div 10). These clusters are synaptic as they colocalize with the some clusters ( Figures 3A and 7A) that is cotranslationally attached to certain proteins at GFP is expressed in cultured hippocampal neurons, it forms synaptic clusters in a manner similar to PSDan N-terminal glycine. To replace the palmitoylation of PSD-95 with myristoylation, the N-terminal 13 amino 95 (data not shown). In contrast, SAP-97 is expressed diffusely throughout the processes ( Figure 3B ), consisacids of PSD-95 were exchanged for those of 43K/ rapsyn, which contains a consensus for myristoylation tent with the notion that palmitoylation is necessary for the synaptic targeting of the PSD-95 family of proteins (Frail et al., 1988) . This chimeric protein is myristoylated when expressed in COS cells, whereas wild-type PSDin hippocampal neurons. To determine whether forced palmitoylation of SAP-97 could induce postsynaptic tar-95 is not ( Figure 7B ). Despite being myristoylated, the chimeric protein is expressed diffusely in neurons, idengeting, we designed a series of chimeric constructs in which the first 13 amino acids of PSD-95 were fused to tical to other palmitoylation-deficient protein constructs ( Figure 3A ; Table 1 Table 1 ). Rather, an internal deletion in which the last 13-25 C-terminal amino acids were deleted and the last 12 were present disrupts synaptic targeting and results in a semiclustered phenotype indistinguishable from that of ⌬25 (data not shown). These data indicate that there is a signal within the last 13-25 amino acids that is necessary for the proper synaptic targeting of PSD-95.
To quantitate the extent of synaptic targeting, we cal- (Table 1) . localized but expressed diffusely in neurons (Figure 4; In addition, the 1-PDZ2 construct shows a very large data not shown). These constructs are palmitoylated when expressed in heterologous cells ( Figure 7A ; data range of expression levels and was therefore used to Table 1 further address whether expression levels affect the pro-SH3 domain may play a role in synaptic targeting. To address this, three separate mutations were introduced tein distribution in the transfected neurons. This was done by calculating the SCR for cells that express into the SH3 domain. Two of the mutations (L460P and W471A) correspond to changes that are predicted to 1-PDZ2 at a level similar to that of wild-type PSD-95 and for cells that express 1-PDZ2 at more than twice destroy the structure of the SH3 domain, and one mutation (W470F) was designed to specifically block binding this level. Both low expressors and high expressors of 1-PDZ2 had nearly identical SCR ratios (0.83 Ϯ 0.076 of the SH3 domain to proline-containing peptides (Lim and Richards, 1994). However, none of these mutations versus 0.87 Ϯ 0.059), again arguing against differences in cellular expression level as an explanation for differintroduced into the full-length protein disrupts the synaptic clustering of PSD-95 (Table 1; ⌬PDZ2&3 and ⌬PDZ1&3 appears similar to that of the C-terminal truncation mutants of PSD-95; the clusters Table 1 ). Again, though there is a difference in synaptic targeting, there is no statistical difference in the expresform later during maturation of the cultures (div 10 versus 5), they have SCRs between diffusely expressed sion levels between these two constructs (Table 1 ). In addition, the presence of the SH3 domain in 1-SH3ϩ25 and synaptically targeted constructs (0.41 Ϯ 0.051 and 0.38 Ϯ 0.048, respectively) (Table 1) , and they are still versus 1-PDZ2ϩ25 or 1-PDZ3ϩ25 makes a small difference in the synaptic distribution, suggesting that the synaptic and colocalize with synaptophysin (data not replacing the palmitoylation site with a transmembrane 
shown). On the other hand, deleting PDZ3 (⌬PDZ3) does
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